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In ultra-peripheral heavy-ion collisions the nuclei pass with such a large impact parameter that
no strong interaction can take place. However, a photon emitted by one nucleus can still interact
either with the other nucleus or with a photon from the another nucleus. The former event type
corresponds to photoproduction, earlier studied e.g. in electron-proton collisions at HERA, but
now with a nuclear target. This provides an unique opportunity to study the nuclear modifications
of the PDFs with the photo-nuclear processes measured in lead-lead collisions at the LHC. Here
we present our recent implementation of photoproduction processes in the PYTHIA 8 general-
purpose Monte-Carlo event generator. The resulting simulations are compared to charged-hadron
and dijet photoproduction data from the HERA experiments, and the theoretical uncertainties of
the framework are studied. We discuss how the relevant part of the photon flux from heavy ions
is obtained using the equivalent photon approximation and present predictions for photo-nuclear
dijet cross section at the LHC. To estimate the potential of this data to further constrain the nuclear
PDFs, the expected statistical uncertainty based on LHC luminosity is compared to uncertainties
in the current nuclear PDF analyses.
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1. Introduction
In lepton-hadron collisions the events can be classified in terms of virtuality of the intermediate
photon. The high virtuality events (Q2 & 3 GeV2) are referred to as deep inelastic scattering (DIS)
events whereas the low virtuality events (Q2 . 1 GeV2) are referred to as photoproduction. In
the latter case the low virtuality allows factorization of the flux of photons from the hard process
cross sections. The hard scale justifying the perturbative treatment needs to be provided by a high-
transverse momentum (pT) observable, e.g. jets at sufficiently high pT. In addition to interacting
as an unresolved particle, the low virtuality photons may also fluctuate into hadronic states. The
partonic structure of these resolved photons can be described with DGLAP-evolved (including a
γ → qq¯ source term) photon parton distribution functions (PDFs).
Also high-energy charged hadrons can emit photons that lead to photon-hadron interactions.
Due to higher charge the photon luminosity is significantly higher with the heavy ions than with
single protons. These interactions can be studied in events where the impact parameter is large
enough so that no hadronic interactions take place which would shroud the photon-induced process.
Interest towards these ultra-peripheral collisions (UPCs) has been increasing lately and several new
analyses are to be expected soon from different LHC experiments. One main motivation is to use
these relatively clean γA processes to constrain nuclear PDFs (nPDFs). The virtuality of these UPC
photons is very small so they can be treated similarly as photoproduction events in ep collisions.
PYTHIA 8 [1] is a general purpose Monte-Carlo event generator which have been recently ex-
tended for collisions involving leptons and heavy ions. Here the new framework for photoproduction
is presented and the results are compared to charged-hadron and dijet photoproduction data in ep
collisions at HERA. Furthermore, this framework is applied to calculate dijet cross section in UPCs
at the LHC, and the potential of this observable to constrain nuclear PDF is studied.
2. Framework
The flux of nearly-collinear photons from charged particles can be obtained by using the
equivalent photon approximation (EPA). For leptons the Q2-integrated flux is given by the well-
known Weizsäcker-Williams approximation
f lγ (xγ) =
αEM
2pi
(1+(1− xγ)2)
xγ
log
[
Q2max
Q2min(xγ)
]
, (2.1)
where xγ is the momentum fraction of the photon wrt. the momentum of lepton l, Q2min the minimum
virtuality of the photon as limited by the splitting kinematics, and Q2max the maximum allowed
virtuality. In direct processes the photon act as an unresolved initiator of the hard process and the
distribution of photons is simply provided by the flux. In resolved processes the photon flux needs
to be convoluted with the photon PDFs to obtain the distribution of partons inside a photon emitted
from the beam lepton. When a photon fluctuates into a hadronic state it is also possible to have
multiple partonic interactions (MPIs) in the same event. Furthermore, in addition to final-state
radiation, also initial-state radiation needs to be simulated for the resolved photons.
The probability for MPIs is obtained from leading order (LO) cross sections for 2→ 2 QCD
processes. These cross sections, however, are divergent in the pT→ 0 limit and need to be regulated.
1
Photo-nuclear dijets with Pythia 8 Ilkka Helenius
In PYTHIA 8 the cross sections are made finite by introducing a screening parameter pT0 which
transforms the 1/p4T divergence into a finite 1/(p
2
T0 + p
2
T)
2 behaviour. This is one of the key
parameters in PYTHIA 8, controlling the probability of MPIs and therefore affecting also the yield of
small-pT particles. Therefore one possible way to constrain the energy dependence of this parameter
in different collision systems is to compare the pT spectra to experimental data.
This kind of comparison is shown in figure 1, where the generated charged-particle cross section
with different values of prefT0 is confronted with H1 measurement [2] in ep collisions at HERA. The
pT0 is assumed to have a power-law dependence on the collision energy of the photon-proton system,
pT0(
√sγp) = prefT0(√sγp/7 TeV)α , where α has the same value as in default Monash tune for pp
collisions, α = 0.215. The resulting χ2/ndf values are listed in the figure for several choice of
prefT0. Using the value from the pp tune (p
ref
T0 = 2.28 GeV/c) generates too much low-pT hadrons
whereas the result without any MPIs falls below the data. An optimal description is obtained with
prefT0 = 3.0 GeV/c which leads to a pT0(
√sγp) parametrization that sits between the pp tune and a
recent parametrization for γγ as shown in figure 2.
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Figure 1: Photoproduction of charged hadrons as a
function of pT measured by H1 at HERA. The data
is compared to simulations with four different values
for prefT0 and with MPIs turned off. The resulting
χ2/ndf are shown for each case.
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Figure 2: Energy dependence of the parameter pT0
for γγ (orange), γp (red) and pp (green) collisions.
3. Dijet photoproduction at HERA
The framework can be tested also by comparing to dijet photoproduction in ep collisions mea-
sured by different HERA experiments. The advantage is that from the reconstructed jet kinematics
one can define observables such as
xobsγ =
E jet1T e
η jet1 +E jet2T e
η jet2
2yEe
, (3.1)
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which in an LO parton level calculation would correspond to the momentum fraction of the parton
wrt. the photon, and therefore carry some sensitivity whether the jets were produced in a direct or
resolved process. Here E iT and η
i refer to the transverse energies and pseudorapidities of the jets, y
is the inelasticity of the ep scattering and Ee the energy of the electron beam.
Figure 3 show comparisons between the ZEUS measurement [3] for the dijet photoproduction in
ep collisions at HERA and the PYTHIA 8 simulation with direct-enhanced (xobsγ > 0.75) and resolved-
enhanced (xobsγ < 0.75) event samples. The (sub-)leading jet were required to have ET > 14(11) GeV
and the invariant mass of the photon-proton system were constrained to 134 < Wγp < 277 GeV
range. Three different set of photon PDFs are used to estimate the theoretical uncertainty arising
from the limited precision of the photon PDFs. As expected, for the direct-enriched events the
sensitivity to photon PDFs is negligible, whereas for the resolved-enriched this generates ∼ 10 %
uncertainty. In general the shape of the dijet cross section is in a good agreement but for both regions
of xobsγ the PYTHIA 8 results tend to overshoot the data roughly by 10 %.
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Figure 3: Dijet photoproduction as a function of η jet2 for events with xobsγ < 0.75 (left) and xobsγ > 0.75 (right)
with three different photon PDF set, CJKL (red) [4], GRV (green) [5] and SaSgam (orange) [6]. Data from
ZEUS [3].
4. Ultra-peripheral dijets at the LHC
The photon flux from heavy-ions can again be obtained from EPA. However, since for ultra-
peripheral collisions the events with hadronic interactions need to be rejected, it is more convenient
to work in impact-parameter b space instead of momentum space. The b-differential form for the
flux can be written as
f Aγ (xγ ,b) =
αEMZ2
xγpi2
[
xγm
h¯c
K1
(
xγbm
h¯c
)]2
, (4.1)
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where Z is the charge of the nucleus (number of protons), m the per-nucleon mass and K1 the
modified Bessel function of the second kind. The simplest way to perform this rejection is to use a
hard-sphere approximation and cut out the events where the colliding nuclei would be in contact.
For photo-nuclear dijets the effective photon flux can then simply be obtained by integrating over
the impact parameters larger than the sum of radii of the colliding nuclei RA, yielding
f Aγ (xγ) =
αEMZ2
xγpi
[
2ξ K1(ξ )K0(ξ )−ξ 2
(
K21 (ξ )−K20 (ξ )
)]
, (4.2)
where ξ = 2RAxγm/(h¯c) and K0 again a modified Bessel function of a second kind. A preliminary
ATLAS analysis [9] defines differential dijet cross sections in terms of three observable: HT, xA and
zγ that are derived from the selected jets. Jets are reconstructed using the anti-kT algorithm with
R = 0.4, and requiring the hardest jet to have pT > 20 GeV/c and sub-leading jets pT > 15 GeV/c.
A particularly interesting observable for nPDF studies is the differential cross section in terms of
xA, which is directly related to the probed nuclear-x values. Since a couple of nPDF sets are now
included into PYTHIA 8 it is possible to use the presented photoproduction framework to study the
potential of this observable to further constrain nPDFs. This differential cross section is shown in
figure 4 using NNPDF2.3 proton PDFs [10] and with EPPS16 nuclear modifications [11]. The error
band corresponds to the EPPS16 uncertainty that is compared to the expected statistical uncertainties
in the ratio plot assuming an integrated luminosity of L = 1 nb−1. In addition, the contribution from
direct and resolved processes are shown. At small-xA region the cross section is dominated by the
direct processes, whereas the resolved contribution takes over at xA > 0.02. Similarly as for dijet
photoproduction at HERA, there is an additional theoretical uncertainty from the photon PDFs for
the resolved component. However, this uncertainty is relevant only at larger values of xA where the
resolved contribution dominates.
5. Summary
A new framework for photoproduction has been implemented into PYTHIA 8 event generator,
including automatic mixing of direct and resolved processes. This has been validated against data
from ep collisions at HERA, and the data for charged particle production have been used to constrain
the MPI probability in photon-hadron interactions. The framework has been applied to simulate
ultra-peripheral heavy ion collisions, where the photon flux is provided by the high-energy ions.
These processes allow to study rather clean photo-nuclear interactions that can be used to study
nuclear structure. Here we have demonstrated that the photo-nuclear dijets at the LHC can provide
new constraint for nPDFs at xA > 10−3 when using similar jet selection as in the preliminary ATLAS
study [9].
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Figure 4: Differential per-nucleon cross section for photo-nuclear dijets in ultra-peripheral PbPb collisions
at the LHC with ATLAS jet selection. Result using NNPDF2.3 proton PDFs (red) and EPPS16 nuclear
modifications (blue) are shown, the uncertainty band is derived from EPPS16 error sets and direct (orange)
and resolved (green) contributions are shown separately. The ratio plot shows also expected statistical
uncertainties assuming integrated luminosity of L = 1 nb−1.
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